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Introduction
Many products and systems are more complex than others. That is mainly due to their technological complexity or life expectancy. These products therefore should have control over their availability, with maintainability taken into account. The use life phase is to generate huge costs in terms of maintenance, operation and energy consumption [1] [2] .
These products require a focused study of their design; this work presents a retrospective of life cycle cost analysis as well as the interactions of life cycle cost with the design phase. In a second part, we propose a novel approach based on life cycle cost estimation using reliability as a main factor. This approach allows the incorporation of innovative sub-assembly into a well-known system and focuses on the modification of the life cycle cost induced using the predicted reliability of the component. This work is currently conducted as a PhD thesis, with the support of industrial partners.
Life Cycle Cost Analysis
The first objective of life cycle cost analysis is to assess the monetary weight of each and every of the phases of the life of a product [3] . One of the many definitions of a product life phases is by Kriwet, Zussman & Seliger [4] on figure 1. The metaphases of the life of the product are well defined (Acquisition, Utilization & Recycling). Each of theses phases are then sub-divided into multiple subphases than covers the whole life of the product. This definition is interesting as it identifies not only the product itself but also the process and logistic support needed to the accomplishment of the product-centric phases.
Key Phase
In a global life cycle cost approach, the key phase is the early conception phase. This phase is the key point where most of the technical choices are committed, theses choices are of the same importance whether they are technological, components or materials. All theses choices have a major impact on the detailed design phase. Once committed, they are not to be questioned due to cost of changing already committed choices.
The preliminary design phase is the one where most of the costs are committed (see figure 2 ). Thereby this phase has a disproportionate influence on the downstream design, usage and end-of-life phases. At this stage, not all the necessary data for the assessment of the life cycle cost. That is even more evident in the case of a project containing many breakthrough innovations on which there is not yet any capitalization in terms of life cycle cost. 
Over-costing & under-costing
As previously shown, costs are incurred at a very early stage before being spent as the result of the project. There is therefore several risks that can be discerned for the rest of the life of the project.
The foremost influent factors in the case of complex products are, between others, inflation, financial costs and technological risks. This risks lead to two metarisks: conservative calculation (over-costing) and liberal estimations (undercosting).
Over-costing can jeopardize the first phases of go/no-go without representing the true costs, therefore threatening commercial projections (or tender response). This is most often the case when there is over-estimation of costs from energy, personal, formation and/or maintenance.
Under-costing has the same effect, in a somewhat different view. Undercosting has a tendency to appear on projects where the risk involved with the industrialization phase is not well assessed and create huge costs, for instance when specific tooling is necessary but was not thought of.
Evolution of costing
Life cycle cost analysis started to be used in the late 60s, early 70s by the US Department of Defense (US DoD) [5] . The DoD started to completely reorganize its procurement strategies using the deterministic factor of global costs instead of just using acquisition costs. Global costs included, but not limited to, support, fabrication, technological developments and formation costs. This started a Design-to-X [6] procedures that are used to minimize life cycle costs for system development and usage.
A transition from programs to projects
Life cycle cost analysis slowly evolved from the DoD and large-scale procurement programs toward other US Army department at smaller scales. The DoD authored many notes concerning the Design-to-Cost processes and Integrated Logistic Support [7-8-9] .
Integrated Logistic Support (ILS), also contributed by the US Army, ensures the supportability (maintenance, repair & operations) is taken into account within the design & development of a product/equipment. This methodology has a major influence on design processes, especially that there is a tendency to search and identify as soon as possible reliability problems. This rend tends to initiate a dialogue on the drawing of parts thought for reliability improvement, maintainability, testability and/or availability [10-11-12-13] .
ILS also has a huge part for the support in staff training, documentation and spare parts supply. All these considerations allow, and facilitate, specification steps, design steps and support phases, with a major focus through the whole process on maintainability.
The transition between calculating a global supply cost and seeking the minimal life cycle cost using maintenance also helped the usage transition of these methods from multiple large-scale systems to smaller scale products. Notes authored by the US Army [11-12-13] were published in the mid-80s; and, by late 80s, these concepts started to diffuse into civil design [14] first to avionic industries, electrical power production, oil & gas and railway industries [15-16-17-18] .
This techniques diffusion coincides with a modification into the ILS approach; global life cycle (cf. figure 1 ) is more and more used for design, alongside with maintainability in complex and/or large-scale systems.
The concept
Integration of these techniques in more and more industries also allows the refinement of the different methodologies that are used.
In fact, it is difficult whenever there is innovation into a project to estimate a life cycle cost (regardless of the complexity). This difficulty mostly arise from the fact that it is not possible to have concrete results that fits into the global life cycle cost model of the product from testing.
Innovative difficulty
This difficulty, inherent to the conception of the innovative system, can jeopardize a life cycle cost model analysis conducted too early in the project. Also, difficulty arising from downstream design phase, and/or production, can lead to review the first estimators of life cycle cost. The innovative part can cause huge repercussions on life cycle cost without changing the product a lot. One example of that is automotive paint with the transition from solvent based to oil based [19] . The two techniques have very small difference in costs regarding research, manufacturing and deposit onto the vehicle. However, aging is totally different, thus creating a modification on the usage phase of life cycle cost without changing upstream phases; this is also true for disposal procedures that are way heavier for solvent based paints.
The difficulties introduced by innovation can therefore deeply intervene into one phase of the life cycle cost, and have little or no impact on the other phases. However, it is extremely difficult to quantify this impact without having experts and trusting their judgment while waiting for field-tests that will confirm (or deny) their projections.
Estimators
The problem of estimating life cycle cost is not only present with innovations. It is also extremely difficult to assess during the evolution of a (well) known product in order to make the necessary adjustments to life cycle cost projections. Several life cycle cost estimation techniques exists, however they all have advantages and disadvantages. Theses techniques are also linked to the fact that most of the design methods used in Western countries put forward the costs factors [20] .
The three main types of life cycle cost estimators are:
• Analogue models from a similar system, extended over the current product using experts interventions to model the transformation of the life cycle cost between the old and new products;
• Analytical models involving a set of experts modeling each and every components and/or sub-assemblies and then generating an overall life cycle cost model; • Predictive analysis based on field-collected statistical data and/or probabilities related to the various components.
The first two types of estimators have the huge drawback of relying on the expertise of a small number of people and on the previously collected data [21] . These methods are generally deployed late in the design process, i.e. when the product is already undergoing production and not in an upstream design phase. As shown by Baguley & al [22] , the biggest challenge in cost modeling methods is identifying and collecting the necessary data for the construction of the model. At an upstream stage of the design process, there is little to no available data and information to identify the correct model.
In addition, another problem arises from highly innovative products. These products suffer from a lack of historical data linked to the innovative attributes; therefore it cannot be extrapolated into an already existing life cycle cost model [23] . This lack of data requires projection tools that can rely on data other than those usually harvested during the use phase.
An interesting development is to use behavioral model of the product life cycle modeling (in terms of cost) and its failure. From this model, it is possible to create alternative models of the life cycle cost in terms of maintenance, and then go back to the overall life cycle cost.
Reliability approach
The use of reliability to calculate life cycle cost is possible at an early design stage. This approach is based on the fact that each component or sub-assembly of a product as a reliability (function of charge, desired dependability, expected lifetime) that can be associated with it. Most often than not, most of the component used in a product are well described and only a handful are real innovation. Figure 3 presents a product that uses nested sub-assemblies and top assembly, where italic represents innovations (A5 innovative assembly & A7 innovative subassembly). Each assembly and sub-assembly has its specific costs for engineering, manufacturing, support and disposal. Non-innovative sub-assemblies are perfectly defined using the collected data on already existing products. A7, the innovative sub-assembly is also likely to change the comportment of A6 its top assembly.
It is then possible, using simulation and expected data from design, to calculate the associated costs of the innovative assemblies. It is also necessary to introduce uncertainty into the calculation for the innovative components; hence not having a straight curve output but a region for life cycle cost estimation (see figure 4) .
Another uncertainty source is the addition of the different project component life cycle cost, as discussed in 3.2.2. This will introduce an error area alongside the running charge and the follow through with the manufacturer/designer support programs. 
A7
Using all this data, it becomes possible to have a projection of the life cycle cost for each component and extrapolate it to the whole system. This is a crucial data at early design stages. It allows to focus on strategic sub-assemblies and/or design to a specific factor (maintenance, energy, …) using 80/20 rule and life cycle cost.
Conclusion
This work presents a novel approach using projected life cycle cost profiles estimation for complex products (products having a prominent support cost and requires high availability) design process. This method is based on the usage of reliability for estimating life cycle costs.
The current modeling using only reliability, charge and expected lifespan is lacking the obsolescence and technological maturity that will impact life cycle cost. Macroeconomics factors in the region of installation (and support) also need to be taken into account.
This approach is expected to reduce operation costs by allowing better prediction of the operation costs, as well as manufacturing and disposal.
This work is currently being tested and should be finished mid-2013.
